A spatial distributed hydrological forecasting system was developed to promote the analysis of river flow dynamic state in a large basin. The research presented the real-time analysis and forecasting of multisite river flow in the Nakdong River Basin using a distributed hydrological model with radar rainfall forecast data. A real-time calibration algorithm of hydrological distributed model was proposed to investigate the particular relationship between the water storage and basin discharge. Demonstrate the approach of simulating multisite river flow using a distributed hydrological model couple with real-time calibration and forecasting of multisite river flow with radar rainfall forecasts data. The hydrographs and results exhibit that calibrated flow simulations are very approximate to the flow observation at all sites and the accuracy of forecasting flow is gradually decreased with lead times extending from 1 hr to 3 hrs. The flow forecasts are lower than the flow observation which is likely caused by the low estimation of radar rainfall forecasts. The research has well demonstrated that the distributed hydrological model is readily applicable for multisite real-time river flow analysis and forecasting in a large basin.
Introduction
River and coastal flooding are principal problems in water resource management throughout the world. Many kinds of flooding models and model applications were presented in the field of river flow research. In order to achieve the estimation of river flow, a series of related models is required including appropriate types of stream flow models and essential hydrological data. The models are simplified conceptual depiction of the actual existence of hydrological processes in the catchment area. Hapuarachchi et al. [1] reviewed some recently emerging advanced researches on the application of new modeling technology and data processing approaches in flash flood forecasting in the past decade.
The principal advantages of the distributed flood models are as follows: they have physically based characteristic hydrological modeling approach that requires the elaborate spatial physical variations and parameters; they guarantee that all relevant processes are recurred exactly; they make appropriate response to a varying climate of study basin compared to empirical or conceptual models. These profits are more especially suitable for simulating large basin with the mutative heavy precipitation spread-over. Coupling with GIS system that considers spatial variability of the available information, it can provide the physical basis for establishing the necessary model parameters in a distributed model.
As the physically based characteristic, distributed flood models have represented outstanding attraction and become a more feasible approach in analysis of flooding flow on large basin. And available high spatial resolution data also led to a full development of many advanced distributed hydrological models. Kuchment [2] presented a distributed rainfall-runoff model using the two-dimensional kinematic wave method for overland flow routing and Chezy roughness coefficient to describe surface roughness. Schultz et al. [3] showed an earlier study using a distributed system approach and an optimal technology to calibrate model parameters for simulating runoff of a given watershed using radar rainfall measurements. Vieux and Jones [4] exhibited a distributed watershed model which incorporated with Geographic Resources Analysis Support System (GRASS) GIS system and applied a finite element approach for flood forecasting with hourly WSR-88D radar data. For large basin, while constructing design and real-time operational river flow analysis may be required to estimate the flow at some interior locations in a river basin, accurate forecasting in a real-time rainfall-runoff simulation can be got from set fundamental model parameters effectively and give properly assessed initial state variables and input data. Flow simulation accuracy could be improved when the parameters or state variables are updated with real-time observation of stream flow.
The main objectives of this study are to demonstrate the approach of a distributed hydrological model couple with real-time calibration technology for multisite real-time river flow analysis and forecasting in a large basin with radar rainfall forecasts data. Comparisons of the hydrographs with different lead-time precipitation forecasts will be drawn to see how the precipitation forecasts influence the forecasting.
Methodologies

Model Description.
A physically based, spatially distributed explicit hydrological model [5] is used for simulating the hydrological process of a watershed dependent on an input rainfall field. It is highly significant to conceptualize the given watershed to the two-dimensional spatial resolution for leading calculation. The square grid structure is defined on the watershed and the numerical solution for the calculation of continuity and momentum equations are evaluated for each grid cell within the watershed. Major components of the model include precipitation distributed input, interception, infiltration, surface overland flow, and channel runoff routing. The major components of the distributed hydrological model are detailedly shown in Figure 1 .
Precipitation.
Precipitation input data from measurements at multiple gauge networks or weather radar estimation: for rain gauge data, the spatial distribution of precipitation over every grid cell is computed using inverse distance weighting technique [6] or the Thiessen polygons method [7] .
Interception.
Interception process is modeled empirically depending on the vegetation coverage [8] . Rather than eventually reaching the ground, interception of rainfall refers to the part of precipitation that does not fall to the earth but is intercepted by the leaves, branches of plants, and the forest floor and then evaporates directly and does not take part in ultimate runoff; thus it is usually termed interception loss [9] . Measured values of interception capacity depth for a series of various vegetative canopies are found in Woolhiser et al. [10] and Bras [11] .
Infiltration.
Infiltration rate is a measure capable of soil absorption of rainfall water in hydrology science. In the model, a method developed by Green and Ampt [12] closely calculated infiltration rate and cumulative infiltration depth for each grid element in the study watershed:
where : infiltration rate; : wetting front soil suction head; : water content; : hydraulic conductivity; : cumulative infiltration volume.
Applying the Green-Ampt method demands many variables and requires estimations of soil characteristics such as hydraulic conductivity, effective porosity, capillary suction head, and initial soil moisture deficit for each grid cell. The numerical parameters values can be acquired from the experimental data depending on the soil texture by Rawls et al. [13] . equations of continuity and momentum. From the equations of continuity and momentum, a relationship that relates the flow rate to depth can be established as
Overland
where ℎ: surface water depth; : unit flow rate in the direction and direction; : friction slopes in the flow direction; : Manning roughness coefficient. The coefficient can be estimated from the land use map using the assigned values [14] .
Channel Flow.
The process of conveying flow water through a defined channel network is based on the onedimensional diffusive wave channel flow scheme [15] . The governing equations for the channel flow routing process are mathematically similar to the calculations of overland flow.
The formula in the model to compute the channel discharge rate can be expressed by the following equation:
where : discharge flow rate; : Manning roughness coefficient; : cross-sectional area of flow; : hydraulic radius; : friction slope. specified stage-discharge relationship corresponding to the water depths can be expressed as
Calibration
where ℎ: water depth of channel flow; : width of channel.
According to (4) , the relation between discharge and water depth ℎ is formulated.
In order to calibrate the water depth through the calibration algorithm, the calibrating measure should be distributed to each cell in the objective region. One efficient way to update the water depth of each cell in the region is using a specific ratio calculated from the updated stage-discharge relationship. Based on (4), the calibrated coefficient can be accurately estimated by Newton-Raphson method. As shown in Figure 2 , the calculated coefficient is applied to the water depth of each cell during model operating; the simulated water depth of each cell at a specific time step is calibrated by a coefficient and then the simulation commences again with updated state variable of each cell. This method offers applicable and effective updating skill of state variables considering its spatial distribution pattern with the simulation result. For the situation of multisite flow calibration in a large basin, several objective regions are plotted based on corresponding upper stream contributing area of the respective observation site which locates at the basin.
Measure Skills.
Two numerical measure skills are employed for evaluating the goodness of model performance in this study: root mean square error (RMSE) and Nash-Sutcliffe model efficiency coefficient (EC) [16] . The Nash-Sutcliffe coefficient properly assesses the efficiency of hydrological models. The RMSE and EC are given by the following equations: 
Data Description
The Nakdong River Basin is located in the monsoon region of South Korea. The main channel of the Nakdong River is 526 km long, the catchment area approximately about 23,702 km 2 , about 24% of the entire land in South Korea. Figure 3 provides a location map for the Nakdong River Basin. The Nakdong River Basin includes numerous floodplain wetlands and is characterized by intense rainfall and several typhoon events in the monsoon season.
The data of Nakdong River Basin that were collected for distributed hydrological model included gauge and radar rainfall, digital elevation, land cover, soil type, channel network information, and stream flow data. The requisite data and information for model were obtained mostly from the Water Management Information System (WAMIS) in South Korea. The grid data are provided in a raster format with spatial resolution and were resampled to a spatial resolution of 1 km × 1 km using the ArcGIS system. The radar rainfall data were obtained from Biseulsan radar whose observation radius is 100 km, and Nakdong River Basin is situated in the center of radar coverage. As showed in Figure 3 , 22 observational sites are located through the stream of the Nakdong River Basin, where 10 sites located at Nakdong River and 12 sites located at its tributaries.
Results and Discussion
The procedure that uses the distributed hydrological model to calibrate and forecast river flow of Nakdong River Basin is as follows: in real-time calibrate the flow simulation with flow observation using calibration algorithm; gauge rainfall data as the precipitation input and every observation is updated every hour; forecast the river flow of future 1 hr, 2 hrs, and 3 hrs using radar rainfall forecasts data as the precipitation input. The precipitation forecasts of 1 hr, 2 hrs, and 3 hrs were generated from the radar rainfall images and became rainfall input file for the model at each forecast time increment.
The model is applied to the Nakdong River Basin with the August 2012 event that started on August 22 and continued through the lasting 5 days. The approach is capable of realtime calibration and forecast of river flow involved extrapolation of flow patterns based on model. In this approach, hydrographs of 22 sites are generated to inspect the applicability and efficiency of model's simulation and forecasting. performance of its tributaries. Table 1 shows the RMSE and EC from the flow forecasting results of 1 hr, 2 hrs, and 3 hrs. The hydrographs and simulation results present that the calibrated flow simulations are very close to the flow observation at all sites with relatively little error. All values of RMSE are 0 and values of EC are 1. And the forecasting results exhibit that the model can successfully forecast the river flow with radar rainfall forecasts. The RMSE and EC values of all forecasts are considered as a satisfactory result. The accuracy of flow forecasts of Nakdong River is really great and exhibits the effect of this forecasting system. As expected, the accuracy of flow forecasts is gradually decreased in lead times extending from 1 hr to 3 hrs. Some flow forecasts whose sites located at tributaries of Nakdong River are lower than their flow observation. The low estimation of river flow is likely caused by the low estimation of rainfall from radar rainfall forecasts.
Conclusion
The distributed hydrological watershed model with efficient calibration technology was successfully utilized in real-time simulation and forecast of multisite river flow in a large basin, Nakdong River Basin. We investigated the relationship between the water storage amount and basin discharge and demonstrated the approach of the multisite river flow realtime calibration method with the distributed hydrological model and forecast of river flow with radar rainfall forecasts data. The real-time calibration method offers a feasible and effective updating skill of state variables considering its spatial distribution pattern with the simulation result. The results indicate that calibrated flow simulations are very approximate to the flow observation at all sites and the accuracy of forecasting flow is gradually decreased with lead times extending from 1 hr to 3 hrs. The research has clearly shown that the distributed hydrological model integration with realtime calibration technology is readily applicable for multisite real-time river flow analysis and forecasting in a large basin.
